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A relativistic coupled-cluster (RCC) theory is implemented to study electron impact excitations
of atomic species. As a test case, the electron impact excitations of the 3s 2S1/2 − 3p
2P1/2;3/2
resonance transitions are investigated in the singly charged magnesium (Mg+) ion using this theory.
Accuracies of wave functions of Mg+ are justified by evaluating its attachment energies of the relevant
states and compared with the experimental values. The continuum wave function of the projectile
electron are obtained by solving Dirac equations assuming distortion potential as static potential of
the ground state of Mg+. Comparison of the calculated electron impact excitation differential and
total cross-sections with the available measurements are found to be in very good agreements at
various incident electron energies. Further, calculations are carried out in the plasma environment
in the Debye Hu¨ckel model framework, which could be useful in the astrophysics. Influence of
plasma strength on the cross-sections as well as linear polarization of the photon emission in the
3p 2P3/2 − 3s
2S1/2 transition is investigated for different incident electron energies.
PACS numbers:
I. INTRODUCTION
Accurate determination of scattering cross-sections of
electrons with atomic systems are of immense interest to
a wide range of applications in astrophysics and plasma
physics [1–7]. The challenges in the calculations of scat-
tering cross-sections lie in determining accurate wave
functions for the ground and excited states of the tar-
get as well as calculating wave functions of the scattered
electron in the vicinity of the target. Furthermore, it is
important to evaluate these wave functions in the rela-
tivistic framework to investigate many subtle effects of
the problem. Many-body methods in the close-coupling
[8] and R-matrix [9] formalisms in the non-relativistic
approach, and multi-configuration Dirac-Fock (MCDF)
method, which is a special case of a truncated configura-
tion interaction (CI) method, in the relativistic approach
are the commonly used [10] techniques to evaluate the
wave functions of the target atomic systems. However, a
truncated CI method does not include the electron cor-
relation effects in correct scaling with the size of the sys-
tem [11, 12]. In contrast, a relativistic coupled-cluster
(RCC) method is known today as the golden many-body
method in the nuclear, atomic and molecular physics for
its ability to incorporate the electron correlation effects
to all orders in perturbation for evaluating wave functions
[11, 12]. A truncated RCC method can still include con-
tributions from higher level excitations even at the same
excitation level approximations in the CI method. More-
over, truncated RCC methods obey the size-extensivity
and size-consistent behaviors. It, thus, would be interest-
ing to apply the RCC method to electron-atom scattering
problems and compare the results with the available ex-
perimental and other theoretical calculations.
On the other hand, study of atomic processes in plasma
environment has received great attention in recent years
due to its importance in understanding different physical
processes involved in varieties of low to high temperature
plasma (see a review [13] and references therein). Most
of such plasmas contain different charged species as well
as free electrons which screen the atomic potential of the
embedded atomic systems (neutral atoms or ions) as well
as influence the collisional processes therein [14–16]. As a
result, there are deviations in the structures of the atomic
systems and associated collisional parameters from their
corresponding behavior in the absence of plasma environ-
ment [16–18]. It is, therefore, important to understand
the influence of the plasma environment on the atomic
systems for plasma diagnostic purposes. However, study-
ing the electronic structures of atomic systems immersed
in plasma environment is quite challenging and the ac-
curate evaluation of the electronic structures of atoms or
ions as well as adequate description of the atomic pro-
cesses involved can be said to be one of the most de-
manding research in the recent years due to their wide
range of applications. To determine atomic wave func-
tions of the plasma embedded atomic systems, a suitable
model is required which can account for the appropriate
screening effects of the Coulomb potentials. Moreover,
it is necessary to employ a many-body method that can
include both the electron-electron correlations and rela-
tivistic effects rigorously. For this purpose various mod-
els have been proposed and used; viz., ion sphere model,
Thomas Fermi model, Debye-Hu¨ckle model, etc. [16, 19–
21]. For low density and high temperature plasma, the
Debye-Hu¨ckel model is found to be quite reliable to de-
scribe the influence of the screened Coulomb potentials
in the calculations of atomic structure and collision pa-
2rameters [16].
In any plasma the most dominant collision process
that can occur is due to electron impact on atomic
species causing excitation and ionization processes. So
far, there have been some efforts to understand the ef-
fects of plasma environment on the elastic and inelastic
scattering of electrons from H-like and He-like ions [22–
28]. However, most of such studies have been restricted
to the total excitation cross-sections. It is only recently
that Chen et al [29] applied a fully relativistic distorted
wave theory to study the influence of Debye plasma on
the magnetic cross-section and linear polarization of X-
ray radiation following inner-shell electron-impact exci-
tation of highly charged Be-like ions. Therefore, there
is in general lack of studies related to the plasma screen-
ing effects on electron impact excitation of many-electron
atomic systems and even so, for their magnetic sublevel
cross-sections, and characteristic photon emission during
the radiative de-excitation processes.
There are two fold objectives here; first, to achieve
accurate description of the electronic structure of many-
electron atomic species and then, extending it to study
the electron impact excitations of these atoms in the De-
bye plasma description so that collisional process can
also be described to the same degree of accuracy. The
RCC method has been widely applied for high preci-
sion atomic structure calculations [30–33]. In this work,
we intend to employ this method to calculate the am-
plitudes of the electron excitations of atomic systems.
For illustration, we consider a singly charged magne-
sium ion (Mg+) to study electron impact excitation of its
3s 2S1/2−3p 2P1/2;3/2 resonant transitions in the plasma
environment with the Debye-Hu¨ckel model framework.
These resonance lines yield important emission features
in the spectra of active galactic nuclei and provide in-
formation about intervening materials along the line of
sight [34–36]. Since magnesium is one of the most abun-
dant elements in the Galaxy, variation in the intensity of
the spectral lines of the above transitions can act as di-
agnostic tools to determine the physical conditions of in-
terstellar clouds. Thus, for further understanding of the
interstellar medium, it is important to study the electron
impact excitations of the first excited state fine-structure
splitting from the ground (3s 2S1/2) state of the Mg
+ ion
in the plasma environment. These transitions exist natu-
rally in many astrophysical objects [37, 38]. So far, a few
theoretical and experimental investigations have been de-
voted to understand excitation processes in the plasma
isolated Mg+ ion [39–44]. However, such studies have
never been carried out for plasma embedded Mg+. From
this point of view, we perform calculations of differential
cross-sections (DCS), integrated cross-sections (ICS) and
polarization of characteristic photon emission as function
of Debye length considering various incident electron en-
ergies ranging from 10 to 100 eV. To obtain these results
accurately, it is imperative to evaluate both the bound
and continuum wave functions by including the Debye-
Hu¨ckle interaction potentials accounting for the plasma
screening effects at various plasma strengths.
In the point of view of above, we have implemented
and used the RCC method in the singles and doubles
excitation approximation (CCSD method) to obtain the
scattering amplitudes of the electron from the Mg+ ion
at various plasma strengths. The wave functions of the
initial and final states of the Mg+ ion are evaluated in
the similar approach adopted to study ionization poten-
tial depressions (IPD) of the plasma embedded atomic
systems [45, 46]. Also, our previously reported RDW
method [39] is extended further to calculate the wave
function of the scattered electron in the vicinity of the
plasma embedded atomic systems. We consider the
Debye-Hu¨ckel screening potential model and solve the
coupled Dirac equations using distortion potential, which
is taken as the spherically averaged static potential of the
target ion.
This paper is organized as follows: Method of calcula-
tions for the scattered electron and target wave functions
in the plasma environment as well as evaluation of scat-
tering amplitude are mentioned briefly in Sec. II. In Sec.
III, we present results and their discussions following the
concluding remarks in Sec. IV. Unless stated otherwise,
we adopt the atomic units (a.u.) throughout the paper.
II. THEORY AND METHODOLOGY
A. Theory of scattering amplitude
Within the relativistic distorted wave approximation
the first order direct scattering amplitude for electron
impact excitation of an ion having nuclear charge Z and
number of electrons N from its initial state |Ψi〉 to final
state |Ψf 〉 can be expressed as
f(Ji,Mi, µi; Jf ,Mf , µf , θ) = 4pi
2
√
kf
ki
〈
Ψf (1,2,..,N)F
DW−
f (kf ,N+1) |Vin − Vd(rN+1)| (1)
×Ψi(1,2,..,N)FDW+i (ki,N+1)
〉
.
In this amplitude the ionic states are uniquely spec- ified with well-defined total angular momentum J and
3its magnetic component M , whereas spin projections of
the projectile and scattered electrons are denoted respec-
tively, by µi and µf . |Ψi,f (N)〉 show the N -electron
target wave functions having position coordinates with
respect to the nucleus as rj , where j = 1, 2, .., N , and
F
DW+(−)
i,f with position coordinate rN+1 represent the
incident or scattered electron and its superscript DW
means they are determined by the distorted wave func-
tion approximation. In our RDW method, they are cal-
culated in the presence of a suitably defined distortion
potential Vd. Here − (+) signs refer to the incoming
(outgoing) waves with their relativistic wave numbers ki
(kf ). In Eq. (1), Vin is the screened Coulomb interac-
tion between the projectile electron and the target ion.
The geometry of the scattering process is chosen so that
the direction of the incident electron defines the z axis
and xz plane forms the scattering plane. Therefore, the
scattering angle θ is the angle between the wave vectors
ki and kf of the incident and scattered electrons.
In order to evaluate the scattering amplitude, Eq. (1)
can be casted into the following form
f(Ji,Mi, µi; Jf ,Mf , µf , θ) = 4pi
2
√
kf
ki
〈
FDW−f (kf ,N+1) |Ui→f (rN+1)|FDW+i (ki,N+1)
〉
, (2)
where
Ui→f (rN+1) =
〈
Ψf (1,2,...N) |Vin|Ψi(1,2,...N)
〉
. (3)
In the following subsections we describe in detail vari-
ous constituents that are required to evaluate the above
scattering amplitude.
B. Coulomb potentials
The atomic electrons as well as free electrons will
experience the screening of electron-nucleus as well as
electron-electron Coulomb interactions. Therefore, Vin
can be written as
Vin(ri, rj) = Vn(ri) + Vee(rij), (4)
where Vn(ri) and Vee(rij) represent, respectively, the in-
teraction of bound or free ith electrons with atomic nu-
cleus and the other jth electron. In the following we
discuss the general forms, as described by Debye-Hu¨ckle
model, for Vn(ri) and Vee(rij) that are used in the present
work to evaluate the scattering amplitude as well as in
obtaining the target and projectile electron wave func-
tions in the plasma. The same can also be deduced for
the plasma free systems by taking special conditions.
In the weakly coupled plasma, an electron of the
plasma embedded atomic system located at ri can see
the screened nuclear potential with Fermi nuclear charge
distribution as
Vn(ri) = −Ze
−ri/Dl
N ri ×{
1
b (
3
2 +
a2pi2
2b2 − r
2
2b2 +
3a2
b2 P
+
2
6a3
b2r (S3 − P+3 )) for ri ≤ b
1
ri
(1 + a62pi
2
b2 − 3a
2r
b3 P
−
2 +
6a3
b63 (S3 − P−3 )) for ri > b.
(5)
Here Dl refers to the Debye length expressed as
Dl =
√
kBTe
4pi(1 + zi)ne
, (6)
where kB is the Boltzmann constant, ne is the electron
density, Te is the temperature and zi is charge of the
target in the plasma. In Eq. (5) the various factors are
given by
N = 1 + a
2pi2
b2
+
6a3
b3
S3
with Sk =
∞∑
l=1
(−1)l−1
lk
e−lb/a
and P±k =
∞∑
l=1
(−1)l−1
lk
e±l(r−b)/a. (7)
In the above expressions, b is known as the half-charge
radius and a = 2.3/4(ln3) is related to the skin thickness
of the nucleus. The parameter b is evaluated using the
relation
b =
√
5
3
r2rms −
7
3
a2pi2 , (8)
with the appropriate value of the root mean square ra-
dius of the nucleus rrms, which is estimated using the
empirical formula
rrms = 0.836A
1/3 + 0.570 , (9)
in fm for the atomic mass A.
The screened two-body Coulomb potential within the
4atomic system can be expressed as
Vee(rij) =
N∑
j≥i
e−|ri−rj|/Dl
|ri − rj |
=
4pi√
rirj
∞∑
k=0
Ik+ 1
2
(r</Dl)Kk+ 1
2
(r>/Dl)
×
k∑
q=−k
Y k∗q (θ, φ)Y
k
q (θ, φ), (10)
where Ik+ 1
2
(r) andKk+ 1
2
(r) are the modified Bessel func-
tions of the first and second kind, respectively, with r> =
max(ri, rj); r< = min(ri, rj), and Y
k
q (θ, φ) is the spheri-
cal harmonics of rank k with its component q. In terms
of the Racah operator (Ckq ), the above expression is given
by a scalar product as
Vee(rij) =
1√
rirj
∞∑
k=0
(2k + 1)Ik+ 1
2
(r</Dl)Kk+ 1
2
(r>/Dl)
×Ck(rˆi) ·Ck(rˆj). (11)
Similarly, the screened two-body Coulomb potential
for interaction of projectile electron with atomic electrons
can be expressed as
Vee(rj,N+1) =
N∑
j=1
e−|rj−rN+1|/Dl
|rj − rN+1| . (12)
This expression can further be written as multipole ex-
pansion in the same way as done above in Eq. (10).
It to be noted that in the plasma free system, ne = 0,
so Dl → ∞. Considering this special condition, results
for the plasma isolated systems are obtained.
C. RCC method for the wave functions of the
target
In the relativistic framework, the wave functions of the
target is determined by considering the Dirac-Coulomb
(DC) Hamiltonian, which is given by
H =
N∑
i=1

cαi · pi + (βi − 1)c2 + Vn(ri) +∑
j≥i
Vee(rij)

 ,
where α and β are the Dirac matrices and c is the velocity
of light.
The initial and final states of the considered target
Mg+ has been calculated by expressing them as a com-
mon inert core, i.e. [2p6], and a valence electron in the
respective states. Conveniently, we obtain first the single
particle orbitals of the closed-core employing the Dirac-
Hartree-Fock (DHF) method. The wave functions of the
exact states are evaluated by using the exponential ansatz
in the RCC theory as
|Ψv〉 = eT {1 + Sv}|Φv〉, (13)
where |Φv〉 = a†v|Φ0〉, for the DHF wave function of the
closed-core |Φ0〉. Here, T and Sv are the RCC excitation
operators that excite electrons from |Φ0〉 and |Φv〉, re-
spectively, to the virtual space. It can be noted that the
above expression is linear in Sv operator owing to pres-
ence of only one valence orbital v in |Φv〉. This expression
is, however, exact and it accounts for the non-linear ef-
fects through the products of T and Sv operators. In the
CCSD method approximation, the RCC operators are
expressed as T = T1 + T2 and Sv = S1v + S2v with the
subscripts 1 and 2 referring to the singly and doubly ex-
cited state configurations, respectively. The amplitudes
of these RCC operators are evaluated by solving the fol-
lowing coupled-equations
〈Φ∗0|H|Φ0〉 = 0 (14)
and
〈Φ∗v|
(
H −∆Ev
)
Sv|Φv〉 = −〈Φ∗v|HN |Φv〉, (15)
where |Φ∗0〉 and |Φ∗v〉 are the excited state configurations,
here up to doubles, with respect to the DHF wave func-
tions |Φ0〉 and |Φv〉 respectively. Here H =
(
HeT
)
c
with
subscript c represents for the connected terms only and
∆Ev is the electron attachment energy (EA), which is
equivalent to second ionization potential (IP), of the elec-
tron of the valence orbital v. We evaluate ∆Ev by
∆Ev = 〈Φv|H {1 + Sv} |Φv〉 − 〈Φ0|H |Φ0〉. (16)
Both Eqs. (15) and (16) are solved simultaneously, as
a result Eq. (15) effectively becomes non-linear in the
Sv operator. In fact, the excitation energy (EE) between
two given states is evaluated by taking difference between
the respective EAs obtained from the above procedure.
After obtaining amplitudes of the RCC operators us-
ing the above described equations, the matrix element
of Vin between the states |Ψi〉 and |Ψf 〉, i.e. Eq. (3), is
evaluated using the expression
Ui→f (rN+1) = 〈Ψf |Vin|Ψi〉
=
〈Φf |V˜in|Φi〉√
〈Φf |{1 + N˜f}|Φf〉〈Φi|{1 + N˜i}|Φi〉
,
(17)
where V˜in = {1 + S†f}eT
†
Vine
T {1 + Si} and N˜k=f,i =
{1 + S†k}eT
†
eT {1 + Sk}. As can be seen, it involves
two non-terminating series in the numerator and denom-
inator in the above expression, which are eT
†
Vine
T and
eT
†
eT respectively. We adopt iterative procedures to ac-
count for contributions from these non-terminating series
as have been described in our earlier works on the plasma
isolated systems [32, 33].
5TABLE I: EAs (in eV) and EEs (in eV) as function of Dl
(in a.u.) in the plasma embedded Mg+ ion. Results for the
plasma free (Dl →∞) are compared with the NIST data [47].
Dl
EE
3s 2S1/2 − 3p
2P1/2 3s
2S1/2 − 3p
2P3/2 EA
RCC NIST RCC NIST RCC NIST
∞ 4.4162 4.4224 4.4283 4.4348 7.6909 7.6460
100 4.4142 - 4.4263 - 7.4208 -
10 4.2489 - 4.2599 - 5.1766 -
7.0 4.0908 - 4.1007 - 4.2408 -
5.75 3.9472 - 3.9562 - 3.6205 -
3.80 3.3953 - 3.4012 - 2.1173 -
2.865 2.6089 - 2.6111 - 1.0679 -
2.863 2.6061 - - - 1.0655 -
D. RDW method for the wave functions of the
scattered electron
The distortion potential Vd is taken to be the spher-
ically averaged static potential of the ion in its initial
state. It can be expressed as
Vd =
〈
Ψi(1,2,...N)
∣∣∣∣∣∣Vn(rN+1) +
N∑
j=1
Vee(rj,N+1)
∣∣∣∣∣∣ (18)
Ψi(1,2,...N)
〉
.
After substituting Vee from Eq. (10) with k = 0, Vd is
given by
Vd(rN+1) = Vn(rN+1) + pi
N∑
j=1
∫
1√
rjrN+1
√
r<
r>
(19)
× sinh(r</Dl)e−r>/Dl |Ψi|2drjdrN+1.
It is assumed that the atomic wave functions are not dis-
torted by the projectile electron. The relativistic partial
wave expansion, as described in our previous work [39],
has been used for distorted wave functions F
DW+(−)
i,f of
the projectile electron. For each partial wave, the large
and small components of the continuum wave functions
are obtained by solving the coupled Dirac equations us-
ing Vd potential [39]. Thus, scattering amplitude given
by Eq. (2) can finally be evaluated using both the partial
wave expansion and the matrix element given by Eq. (17).
E. Scattering Parameters
After obtaining the scattering amplitude, the relevant
parameters related to the electron-atom collision process
can be calculated. With our normalization of the dis-
torted waves, the DCS for excitation of ion from initial
state i to final state f is given by
dσ(θ)
dΩ
=
1
2(2Ji + 1)
∑
Mi,µi
Mf ,µf
|f(Ji,Mi, µi; Jf ,Mf , µf , θ)|2 .
(20)
In the above expression, we have summed over the spins
of the incident and scattered electron as well as mag-
netic quantum numbers corresponding to the total an-
gular momenta of the ion in the initial and final states.
The ICS (denoted by σ) is obtained by integrating the
DCS over all the scattering angles. However, if averaging
is done over initial magnetic sublevels Mi, cross-section
for excitation to a specific final magnetic sublevel Mf
can be calculated (denoted by σMf ). Using the mag-
netic sublevel cross-sections, the degree of linear polar-
ization of the photon emission can be obtained. Here we
consider excitations from the 3s 2S1/2 ground state to
the 3p 2P1/2 and 3p
2P3/2 levels and subsequent decay
from the 3p 2P3/2 level to the ground state by emitting a
photon. Since in the electron–photon coincidence exper-
iments the photon is detected in the direction perpendic-
ular to the scattering plane, the linear polarization of the
emitted photon can be obtained using the σMf values of
the excited state, i.e.,
P =
3(σ1/2 − σ3/2)
3σ3/2 + 5σ1/2
. (21)
The linear polarization of the photon emitted due to de-
cay from the 3p 2P1/2 level to the 3s
2S1/2 state will
be zero, since cross-sections for the magnetic sublevels
Mf = ±1/2 are equal.
III. RESULTS AND DISCUSSION
We present here our relativistic calculations for elec-
tron impact excitations of the 3s 2S1/2 to 3p
2P1/2 and
3p 2P3/2 states in Mg
+. We have obtained the DCS,
ICS and linear polarization results for isolated as well as
plasma embedded Mg+. It is evident that the reliability
of the collision parameters depends crucially on the ac-
curacies of the wave functions used in the calculations.
Therefore, in Table I we have compared the RCC results
for EAs and EEs for the considered states in the present
work with the corresponding experimental values quoted
in the NIST database [47]. We find that our results are
in excellent agreement with the NIST data. We have also
calculated these quantities at various Dl values for which
no other theoretical or experimental results are available
to compare. These Dl values can correspond to different
plasma conditions with varying temperature or varying
electron density that are of general interest. We notice
that our EAs and EEs decrease with decreasing value of
Dl. This feature is in confirmation with earlier studies
revealing IPD of the atomic systems in plasma environ-
ment [45]. It can be further be seen from the Table I
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FIG. 1: (Color online) Electron impact excitations of the 3s 2S1/2 → 3p
2P1/2 and 3s
2S1/2 → 3p
2P3/2 transitions of Mg
+
ion. We show (a) DCS at 35 eV (b) DCS at 50 eV and (c) ICS with solid curve representing the RCC-RDW calculations,
dashed curves for the DF-RDW calculations [39], short dashed curves for the calculations with the Los Alamos code [49], and
dashed-dotted curves for the scaled results from Ref. [43]. The available experimental values are shown by points with error
bars that were reported in Refs. [41, 42].
that there is no result presented at Dl = 2.863 a.u. for
excitation energy of the 3p 2P3/2 state. This is due to the
reason that a slight change in the value of Dl from 2.865
to 2.863 leads to the conversion of the bound 3p 2P3/2
state into a continuum state.
As mentioned already in Introduction, the RCC
method is employed for the first time to study the colli-
sional excitation of atoms and hence, for understanding
the influence of plasma environment on collisional param-
eters. Therefore, it is worth to compare the new cross-
section results, which we denote as RCC-RDW, using
RCC wave functions with the previously available theo-
retical and experimental results. To this effect, in Figs.
1(a) and (b) our DCS results are shown, respectively, at
35 eV and 50 eV and are compared with the experimen-
tal data of Williams et al [41, 42] and previous RDW
calculations [39]. Since the measurements [41, 42] have
been reported for the sum of the cross-sections for the
transition from 3s 2S1/2 to 3p
2P3/2 and 3p
2P1/2 states,
we have presented the summed DCSs in Figs. 1(a) and
(b). For the sake of clarity we have not included old the-
oretical results from non-relativistic distorted wave [44]
and 5 state close-coupling [42] methods. We have al-
ready reported detailed comparison of RDW results with
these non-relativistic calculations and measurements in
our previous work for singly charged metal ions includ-
ing Mg+ [39]. The difference between present RCC-RDW
and old RDW calculations [39] is due to the inclusion
of higher correlation effects in our RCC method that is
used in the present calculations to obtain bound state
wave functions of the Mg+ ion. Earlier, these wave func-
tions were obtained using the MCDF method from the
readily available GRASP92 code [48]. Therefore, we re-
fer to these results here as DF-RDW calculations. It can
be seen from Figs. 1(a) and (b) that our RCC-RDW
results are in good agreement with the DF-RDW cal-
culations and the measurements, which are available up
to 200 scattering angles. The disagreement between the
shape of the theoretical DCS curves is more after 200
scattering angles. It could be due to accounting elec-
tron correlation effects in the RCC method, especially
the core-polarization effects, to all orders in perturbation.
The shortcoming of the MCDF method is that it cannot
incorporate core-polarization effects rigorously. There-
fore, we believe that the present RCC-RDW results are
improved ones that need to be investigated by the future
experiments. This demands for more measurements at
large scattering angles to confirm the shapes of the DCS
curves. In Fig. 1(c), we have compared our summed
ICS results with the DF-RDW calculations, scaled cross-
sections of Kim [43] as well as semi-relativistic distorted
wave calculations from the Los Alamos code [49]. The
agreement of the new ICS curve is better with Kim’s
results in the entire energy range and it improves with
increasing incident energy of the electron.
In Fig. 2, we have shown the DCS results at incident
electron energy ranging from 20 to 100 eV and various
Debye lengths viz., Dl = 100, 10, 7, 5.75, 3.8, 2.865 and
2.863 a.u.. The left and right panels exhibit DCS re-
sults, respectively, for the 32S1/2 to 3
2P1/2 and 3
2S1/2 to
32P3/2 transitions. Since 3
2P3/2 state does not remain
a bound state for Dl < 2.865 a.u., there is no DCS dis-
played for excitation of this state at Dl < 2.863 a.u..
Further, we find that at Dl = 100 a.u., the DCS curves
overlap with those at Dl = ∞, which corresponds to no
plasma screening, at all the projectile electron energies.
As the value of Dl decreases, the DCS decreases consis-
tently while maintaining the similar shape of the curves
approximately beyond 100 scattering angles. This can be
attributed to the fact that the screening of nuclear charge
increases with decreasing Debye length, causing a drop
in the value of the cross-sections. The maxima of the
DCS curves fall by two orders of magnitude in the con-
sidered range of Debye length. Moreover, in the forward
7FIG. 2: (Color online) Demonstration of variations in DCSs at various Debye lengths as function of incident electron energy for
the excitations from the 32S1/2 state to the 3
2P1/2 and 3
2P3/2 states that are shown in the left and right panels, respectively.
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FIG. 3: (Color online) Demonstration of ICSs for the electron impact excitations in the plasma embedded Mg+ ion. Results
shown in (a) for the 3s 2S1/2 → 3p
2P1/2 transition and shown in (b) for the 3s
2S1/2 → 3p
2P3/2 transition. Results shown in
(c) are the polarization fractions for the 3p 2P3/2 to 3s
2S1/2 transition.
scattering angle region up to 10o, the shapes of the DCS
curves for Dl ≤ 10 a.u. is significantly different from
that at Dl = 100 a.u.. Particularly, at incident electron
energies greater than 40 eV, the DCS at Dl = 100 a.u.
shows a sharp forward peak which is characteristic of al-
lowed transition, whereas, DCS at Dl ≤ 10 a.u. exhibit a
broad peak at around 50, a well known feature of dipole
forbidden transitions.
The ICS for excitation of the ground state 32S1/2 to
the excited states 32P1/2 and 3
2P3/2 are displayed, re-
spectively, in Figs. 3(a) and (b). These results are shown
for isolated ion as well as for various Debye lengths Dl
ranging from 2.863 to 100 a.u. for 2P1/2 state and from
2.865 to 100 a.u. for the 3p 2P3/2 state. The ICSs at
Dl = 100 a.u. are close to those for plasma-free ion. As
observed for the DCS curves, the values of ICS also de-
crease with increasing plasma strength i.e., decrease in
the value of Dl. The effect of plasma screening on the
degree of linear polarization P of the characteristic pho-
ton emitted due to decay of the 3p 2P3/2 state to the
ground 3s 2S1/2 state is presented in Fig. 3(c). It can
be observed that at 10 eV as Dl decreases from 100 to
2.865 a.u., the value of P decreases from 29% to 5%.
In the isolated Mg+, the polarization curve crosses zero
at about 45 eV. However, in case of plasma embedded
Mg+ it passes through zero at smaller values of energies
with increasing plasma strength. This indicates that the
magnetic sub-state with Mf = 3/2 gets more populated
as compared to that with Mf = 1/2 in the plasma en-
vironment. Moreover, the absolute value of P increases
significantly showing enhancement of polarization to a
value close to 32% at 100 eV.
IV. CONCLUSION
We have applied the combined RCC theory and RDW
method to study the electron impact excitations of the
resonant transitions, i.e. 3s 2S1/2 to 3p
2P1/2 and
3p 2P3/2 transitions, in the Mg
+ ion. Excellent agree-
ment of the attachment and excitation energies with the
corresponding experimental values confirm on the accu-
racies of the wave functions of the ion obtained using the
RCC theory. Observation in the depression of the ion-
ization potential in the Mg+ ion indicates about the ef-
fects of the plasma environment on the atomic structure.
Very good agreements between the present DCS results
at 35 and 50 eV with the available measurements and
DF-RDW calculations in the plasma isolated Mg+ ion in-
dicate on the reliability of our calculations. Observed dif-
ferences between the RCC-RDW and DF-RDW results at
large scattering angles demand to ascertain them by car-
rying out further measurements. This can test validity of
the many-body methods. Nevertheless, reasonable agree-
ments between our theoretical results with the available
experimental data suggest that results obtained in the
plasma embedded ion are of similar accuracies. Results
for the plasma embedded ion are reported as function of
Debye length Dl for the DCS, ICS and linear polarization
of the photon emission after decay of the 3p 2P3/2 state
to the ground state at the incident electron energy rang-
ing from 10 to 100 eV. It is observed from our analysis
that presence of plasma environment affect the shape of
the DCS curves in the small scattering angle range such
that the maxima of the DCS curves shifts from 00 to-
wards 100 with decreasing Debye length. It is also found
that the cross-sections decrease with decreasing value of
Dl. There is enhancement in the degree of linear polar-
ization of the photon emission as the incident electron
energy and plasma screening strength increase. These
data could be useful for the plasma diagnostic processes
in the astrophysical and laboratory plasmas.
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